Abstract. Metformin (Met) is a therapeutic agent for the treatment of type 2 diabetes mellitus. There is evidence that Met may reduce the risk of cancer in patients with type 2 diabetes mellitus by inhibiting tumor cell growth, prolonging the overall survival time in patients with various types of malignancy. However, the function and mechanism of Met have not been fully elucidated in osteosarcoma (OS). The present study evaluated the anti-proliferative effect of Met on MG63 and U2OS OS cells, identifying that it acted in a dose-and time-dependent manner. Met also inhibited OS cell migration and invasion, potentially by regulating the epithelial-mesenchymal transition in OS cells. Mechanistically, Met was demonstrated to partly exert these functions through the suppression of Akt phosphorylation, which was associated with increased phosphatase and tensin (PTEN) expression. Silencing PTEN prevented the Met-induced inhibition of the growth and metastasis of OS cells. As Met has anti-proliferative and anti-metastatic effects on OS cells it is a potential candidate, in combination with other chemotherapeutic agents, for use in the treatment of OS.
Introduction
Osteosarcoma (OS) is the most common primary bone tumor in children and adolescents (1) . OS is characterized by the local invasion of bone and soft tissues, with tissues exhibiting a relatively poor response to chemotherapy and radiotherapy, causing a high mortality rate (2, 3) . Previous studies have identified that >20% of OS patients present with lung metastases at the point of initial diagnosis (4, 5) . The 5 year survival rate is ~65% for patients with localized OS; however, the rate for patients exhibiting metastatic disease is markedly lower, at ~20% (6) (7) (8) . Therefore, novel strategies for the treatment of OS are urgently required.
Metastasis is responsible for the majority of cancer-associated mortality and remains the most poorly understood component of cancer progression. Evidence indicates that the epithelial-mesenchymal transition (EMT) serves a vital role in the initiation of metastasis (9, 10) . In this process, epithelial cells lose cell-cell adhesions and acquire the properties of mesenchymal cells, enhancing their migratory and invasive abilities (11) . A range of growth factors are involved in the initiation of EMT, including the insulin-like growth factor-1 receptor (IGF-1R)/ligand system, which is reported to increase the metastatic potential of prostate and breast cancer cells (12, 13) . Studies have consistently observed that the high local expression of IGF-1 in primary tumor tissue appears to substantially affect the aggressiveness of OS (14) (15) (16) .
Phosphatidylinositol 3-kinase (PI3K) and Akt are aberrantly activated in OS (17) . Clinical and preclinical studies have indicated that drugs targeting the PI3K/Akt pathway can be used to treat malignant tumors in the esophagus, lung, kidney and prostate, as well as those of the bone (18) (19) (20) (21) (22) . A previous study has also indicated that inhibiting the PI3K/Akt pathway may inhibit OS invasion and migration (23) .
Metformin (Met) is a biguanide antidiabetic agent widely used to treat type 2 diabetes mellitus (24) . Studies have indicated that Met exhibits anti-proliferative properties and its use has been associated with a decreased incidence of cancer in diabetic patients (25) (26) (27) (28) . Met may also inhibit EMT in various other types of tumor (29, 30) . However, its effect on OS is not yet well-characterized.
The present study aimed to identify the effect and mechanism of Met in OS progression. It was identified that Met inhibited the proliferation, migration and invasion of OS cells, which was accompanied with the upregulation of PTEN expression and the suppression of Akt expression. Silencing PTEN in OS cells prevented the Met-induced anti-growth and anti-metastatic effects. Therefore, Met may be useful as an adjuvant agent for OS therapy. Cell viability assay. Cell viability was determined using the CCK-8 assay. MG63 and U2OS cells with or without PTENor NC-siRNA (2x10 3 per well) were seeded into a 96-well plate. At 24 h, 0, 1, 5 or 10 mM Met was added into the culture medium. Subsequent to incubation at 37˚C for a further 24 or 48 h, the medium was exchanged for 100 µl DMEM medium and 10 µl CCK-8 reagent. The cells were incubated for 2 h at 37˚C. Finally, the optical density was measured using an EnSpire™ 2300 Multilabel Reader (PerkinElmer, Inc., Waltham, MA, USA) at 450 nm. Three replicates were prepared for each condition.
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Colony formation assay. For the colony formation assay, MG63 and U2OS cells with or without PTEN-or NC-siRNA treated with 0, 1, 5 or 10 mM Met were seeded in triplicate at 1,000 cells/well in a 6-well plate with complete medium. Subsequent to 3 weeks of growth, colonies were fixed with 4% paraformaldehyde for 10 min at room temperature and stained with 1% crystal violet for 15 min at room temperature (0.1% w/v in 20 nM 4-morpholinepropanesulfonic acid). Visible colonies were counted.
Wound-healing assay.
A total of 2x10 6 MG63 and U2OS cells with or without PTEN-or NC-siRNA treated with 0, 1, 5 or 10 mM Met were seeded in 6-well plates, the cell monolayers were wounded by scratching with sterile plastic 20 µl micropipette tips and images were captured using a light microscope at 0 and 24 or 48 h. The migration distance of the cells was measured using Image Pro-Plus v.6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Invasion assay. The invasive capacity of MG63 and U2OS cells with or without PTEN-or NC-siRNA treated with 0, 1, 5 or 10 mM Met was measured with Matrigel-coated (BD Biosciences, Franklin Lakes, NJ, USA) Transwell inserts (Costar, Manassas, VA, USA). The inserts were coated with 50 µl of 1 mg/ml Matrigel according to the manufacturer's protocol. A total of 2x10 5 cells in 200 µl DMEM serum-free medium were plated in the upper chamber, with 300 µl of medium with 10% FBS added to the lower chamber. Following a 24 h incubation, cells that invaded to the lower surface of the membrane were fixed and stained. For each membrane, five random fields of view were counted.
Western blotting analysis. MG63 and U2OS cells with or without PTEN-or NC-siRNA treated with 0, 1, 5 or 10 mM Met were harvested and lysed in radioimmunoprecipitation assay buffer (Nanjing KeyGen Biotech Co., Ltd.) supplemented with 1 mM phenylmethylsulfonyl fluoride and 1 mM phosphatase inhibitor cocktail. The protein concentration was determined using a bicinchoninic assay kit (Nanjing KeyGen Biotech Co., Ltd.). A total of 30 µg protein samples were mixed with loading buffer, and the proteins were separated using 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Subsequent to blocking in 5% nonfat dry milk for 2 h at room temperature, the blots were incubated at 4˚C overnight with the aforementioned primary antibodies (1:1,000) and at 37˚C for 2 h with the secondary antibodies (1:20,000). The bands were visualized with WesternBright Sirius HRP substrate (Advansta, Inc., Menlo Park, CA, USA) and were imaged using a Vilber Fusion FX5 (Vilber Lourmat, Marne-la-Valée, France).
Statistical analysis. SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA) was used to perform statistical analysis. Values are presented as the mean ± standard deviation. The statistical analysis of differences between two groups was performed using Student's t-test and the analysis of multiple groups was performed using one-way analysis of variance followed by the Student-Newman-Keuls post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Met inhibits the proliferation of OS cells.
To investigate the effect of Met on OS cell proliferation, CCK-8 analysis was employed to assess the viability of MG63 and U2OS cells. As presented in Fig. 1A and B, the groups treated with 1, 5 and 10 mM Met exhibited a dose-and time-dependent inhibition of proliferation. Consistent with the results from the CCK-8 assay, the colony formation rates in the cells treated with Met were lower than the control group, particularly in the 5 and 10 mM Met groups (P<0.01; Fig. 1C and D) . These data indicated that Met inhibited the growth of OS cells.
Met suppresses the migration and invasion ability of OS cells.
To examine the effect of Met on the mobility of MG63 cells, wound-healing and invasion assays were utilized. The speed of wound closure was reduced with increasing concentrations of Met, compared with the control group ( Fig. 2A and B) . Incubation with Met also suppressed the invasion of MG63 and U2OS cells in a dose-dependent manner (Fig. 2C and D) . As EMT is a critical mechanism in the progression of tumor cells to metastasis, whether Met could negatively regulate the EMT of OS cells was analyzed. Following treatment with 10 mM Met, MG63 and U2OS cells exhibited increased levels of the epithelial marker E-cadherin and decreased levels of the mesenchymal marker vimentin (Fig. 2E) , which indicated that Met may suppress the metastasis of OS cells by negatively regulating EMT.
Met inhibits the proliferation, migration and invasion of OS cells by suppressing the phosphorylation of Akt.
The molecular mechanisms responsible for the proliferation, migration and invasion suppressive effect of Met were assessed. Akt serves a key role in regulating the biological functions of tumor cells, including proliferation, apoptosis and metastasis; PTEN is a regulator that inhibits the activation of Akt (31) . Following treatment with 10 mM Met for 48 h, the expression level of PTEN, Akt and p-Akt were detected by western blotting. As demonstrated in Fig. 3A , the expression level of PTEN was upregulated following this treatment, whereas the phosphorylation of Akt was downregulated. These data indicated that Met may inhibit the proliferation, migration and invasion of OS cells by suppressing the phosphorylation of Akt through the upregulation of PTEN.
To provide further confirmation that Met exerts its function through the PTEN/Akt pathway, MG63 and U2OS cells were transfected with NC-or PTEN-siRNA prior to Met treatment, and western blotting was performed. The expression of PTEN was confirmed to be lower, and the phosphorylation of Akt, higher, in cells transfected with PTEN-siRNA compared with NC-siRNA-transfected cells (Fig. 3B) .
Next, the proliferative, migratory and invasive capacities of cells transfected with PTEN-siRNA in response to Met treatment were assessed. With Met treatment, MG63 and U2OS cells transfected with PTEN-siRNA exhibited an increased rate of proliferation when compared with the corresponding NC-siRNA cells (Fig. 4A and B) . The inhibition of migration and invasion in MG63 and U2OS cells were also reversed by PTEN-knockdown (Fig. 4C and D) . These data suggest that PTEN/Akt is important for the Met-mediated suppression of proliferation, invasion and metastasis in OS cells. 
Discussion
OS remains a devastating disease, and its treatment is a major challenge in oncology (32) . Chemotherapeutic treatments are often the first choice for OS therapy despite the high cost of the drugs and the high incidence of drug resistance and side effects (33) . Met is a therapeutic agent used to treat type 2 diabetes mellitus. Met has been reported as an effective adjuvant drug in the treatment of OS (34) . However, the mechanism by which Met inhibits OS growth and metastasis have yet to be established. The present study demonstrated that Met inhibited the growth and metastasis of OS cells by suppressing the phosphorylation of Akt by upregulating the expression of PTEN.
To evaluate the effect of Met on OS cells, the viability of MG63 and U2OS cells treated with 1, 5 and 10 mM Met was determined in comparison to a control group. The cell viability was inhibited more significantly in the 10 mM Met group than in the other treatment groups, and the inhibitory effects increased in a dose-and time-dependent manner. Additionally, the colony formation capability was decreased upon treatment with Met.
As OS frequently metastasizes, strategies for inhibiting metastasis may be critical for treating this malignancy. Met has been reported to suppress the metastasis-associated behaviors of migration and invasion in certain types of malignancy (29, 30) ; however, to the best of our knowledge, whether Met affects these behaviors in OS has yet to be determined. Therefore, the present study evaluated the anti-metastatic effects of Met in MG63 and U2OS cells using wound-healing and invasion assays with a range of doses of Met. Similar to the previous studies, the ability of OS cells to migrate and invade was inhibited, particularly following treatment with 10 mM Met.
EMT is characterized by the decreased expression of epithelial markers, the increased expression of mesenchymal markers, alterations to the morphology of cells, loss of cellular adhesion and advancement in cell motility. EMT contributes to the invasion and metastasis of cancer cells, and is a key event in the progression of numerous types of cancer. Multiple transcription factors, including Snail, Twist and Zeb, regulate the expression of EMT-associated markers. A variety of molecules can induce EMT, including transforming growth factor-β, epidermal growth factor, Akt and extracellular-regulated kinases (35, 36) . However, to the best of our knowledge, the Met-mediated alteration to EMT marker expression in OS cells has not been previously reported. In the present study, treatment with Met promoted the transition of MG63 and U2OS cells from a mesenchymal to an epithelial phenotype, as characterized by the increased expression of an epithelial marker and decreased expression of a mesenchymal marker. These findings confirmed that Met treatment may inhibit metastasis by regulating the EMT of OS cells.
Aberrant activation of various signaling pathways, including the PTEN/Akt pathway, appears to have a major role in the pathogenesis of OS. Phosphorylation of Akt at Ser473 can activate downstream effectors, which can activate GSK-3β and lead to the reduced phosphorylation and ubiquitination of Snail (37) , causing the accumulation of Snail in the nucleus, which transactivates the expression of mesenchymal markers and inhibits the transcription of E-cadherin (38) . PTEN, a major negative regulator of the PI3K/Akt pathway, can inhibit the phosphorylation of Akt by targeting its 3'-untranslated region. Loss of PTEN activity is frequently observed in OS (39) . Therefore, this complex pathway is considered to be one of the most attractive targets for OS treatment; however, few therapies exploiting this have entered clinical trials (40) . In the present study, Met was demonstrated to act as an anti-OS agent via the upregulation of PTEN and downregulation of Akt phosphorylation, with the knockdown of PTEN preventing the Met-mediated inhibition of OS cell growth and metastatic behaviors.
In conclusion, the present study has identified mechanisms by which Met, an inexpensive and widely used antidiabetic drug without severe adverse effects, may inhibit the proliferation, migration and invasion of OS cells; Met may suppress the phosphorylation of Akt through the upregulation of PTEN expression. These findings indicate that Met may be a potential candidate for clinical therapy, potentially applied in combination with other chemotherapeutic agents, to treat OS. However, further investigation may be necessary to evaluate its applicability in the overall strategy for OS therapy.
